The elucidation of the molecular mechanisms of secretion through bacterial protein secretion 20 systems is impeded by a lack of assays to quantitatively assess secretion kinetics. Also the 21 analysis of the biological role of these secretion systems as well as the identification of 22 inhibitors targeting these systems would greatly benefit from the availability of a simple, quick 23 and quantitative assay to monitor principle secretion and injection into host cells. Here we 24 present a versatile solution to this need, utilizing the small and very bright NanoLuc luciferase 25 to assess secretion and injection through the type III secretion system encoded by Salmonella 26 pathogenicity island 1. The NanoLuc-based secretion assay features a very high signal-to-noise 27 ratio and sensitivity down to the nanoliter scale. The assay enables monitoring of secretion 28 kinetics and is adaptable to a high throughput screening format in 384-well microplates. We 29 further developed NanoLuc and split-NanoLuc-based assays that enable the monitoring of type 30 III secretion-dependent injection of effector proteins into host cells. 31 32 Importance 33
Introduction 45
The ability to secrete proteins to the bacterial cell surface, to the extracellular environment, or 46 even into target cells is one of the foundations of interbacterial as well as pathogen-host 47 interaction. Protein export is particularly challenging for Gram-negative bacteria as two NLuc, respectively, and as a reference also of the secreted translocator SctE, by SDS PAGE, 145 Western blotting and immunodetection. SipA-NLuc was expressed well from the chromosome 146 even though, not unexpectedly, at lower levels compared to its expression from the plasmid 147 (Fig. 1D ). The extent of T3SS-dependent secretion of plasmid and chromosome-encoded SipA- 148 NLuc was indistinguishable (Fig. 1D) . 149 We next evaluated the S/N of the secreted SipA-NLuc fusion when expressed from plasmid or Both, injectisomes and flagella possess T3SS for the export of proteins and it has been shown 155 that substrates of one system may be secreted by the other one to a limited degree (36, 37) . In 156 order to assess the contribution of the flagellar T3SS to the S/N of SipA-NLuc secretion, we 157 blocked expression of flagella by deleting the gene of the flagellar master regulator FlhD. In 158 the absence of flagella, the S/N of SipA-NLuc secretion increased to 140 when SipA-NLuc was 159 expressed from the plasmid and to 1000 when it was expressed from the chromosome (Fig. 1E ). 160 FlhD contributes to the induction of the SPI-1-encoded T3SS by indirectly regulating the ex-161 pression of the the major SPI-1 regulator HilA (38), which results in a strongly decreased ex-162 pression of T3SS-1 and its effectors in the absence of FlhD. To determine whether the improved 163 S/N of SipA-NLuc secretion in the flhD mutant resulted from an overall lower expression of 164 the reporter or from preventing secretion through flagella, we also tested SipA-NLuc secretion 165 in a strain expressing chromosome-encoded HilA from an arabinose-inducible promoter (39), 166 thus uncoupling its expression from control by FlhD. In this strain, T3SS-1-dependent SipA- 167 NLuc secretion was identical in the wild type and in the flhD mutant ( Fig. 1F ). However, in the 168 absence of a functional T3SS-1 (∆sctDFIJ), 150-fold lower levels of SipA-NLuc were detecta-169 ble in the culture supernatant of the strain lacking flagella. These results indicate that about 1% 170 of the SipA-NLuc secretion signal in the wild type strain stems from secretion through the 171 flagellar T3SS (Fig. 1E) and that the increased S/N in the absence of FlhD results from prevent-172 ing secretion through flagella. Despite the increased S/N in the absence of flagella, we used 173 flhD wild type bacteria for most of the work presented herein because of the higher overall 174 signal and because motility appeared to promote growth in a microplate format. 175 In order to test the versatility of NLuc as secretion reporter, we also constructed fusions with 176 the early T3SS substrate SctP (needle length regulator) and with the intermediate substrate SctA 177 (tip protein). While NLuc compromised secretion and function of SctP when fused to its C-178 terminus ( Fig. S1AB ), SctA-NLuc fusions were readily secreted, even when NLuc was placed 179 at different positions within the polypeptide chain of SctA (Fig. S1CD ). To overcome the limi-180 tation of NLuc in supporting secretion of SctP, we utilized a split-NLuc approach. Split-Nluc is 181 composed of a large fragment (LgBiT, 18 kDa) comprising most of the protein's beta barrel and 182 of a small fragment with a high affinity to the LgBiT (HiBiT, 1.3 kDa), comprising only one 183 beta strand (40). SctP-HiBiT fusions were successfully secreted into the culture supernatant and 184 strong luminescence was detected when complementing SctP-HiBiT with LgBiT ( Fig. S1AB ), 185 showing that split-NLuc can serve as a secretion reporter when NLuc fails.
186
In summary, we could show that luciferases are versatile reporters for T3SS and that effector-187 NLuc fusions report on secretion with a very high S/N, even in the absence of plasmid-based 188 overexpression.
190
Assessment of the sensitivity of the NLuc-based secretion assay 191 One handicap of the traditional, Western blot-based secretion assay is its low sensitivity that 192 impedes analyzing low culture volumes as required for the analysis of secretion kinetics or for 193 the development of HTP screens.
194
In order to compare the sensitivity of the Western blot-and the SipA-NLuc-based secretion 195 assays, we made a serial dilution of the filtered supernatant of wild type and ∆sctV S. Typhi-196 murium cultures grown for 5 h. In the Western blot-based assay, we could detect the intermedi-197 ate substrate SctE down to a supernatant volume of 113 µl and the early substrate SctP as well 198 as the late substrate SipA-NLuc down to 225 µl ( Fig. 2A ). In contrast, using the SipA-NLuc 199 assay, we were able to obtain a stable S/N = 200 down to 195 nl supernatant volume. The S/N 200 even remained above 50 when assaying an equivalent of only 24 nl ( Fig. 2B ).
201
Next, we assessed the performance of the SipA-NLuc assay in monitoring the onset kinetics of 202 type III secretion, which requires very high sensitivity due to the small amounts of secreted 203 material that is initially present. To this end, we grew S. Typhimurium harboring arabinose-204 controlled HilA to an A600 = 0.9, after which expression of the pathogenicity island was induced 205 by the addition of 0.02% (w/v) arabinose. Bacterial cells and culture supernatants were col-206 lected every 10 min and kept on ice until reading at the end of the experiment. Induction of SPI- in very small volumes, in brief intervals, and with very short handling times (10 min after col-219 lection of supernatant). Our results also show that induction and assembly of the megadalton 220 injectisome is a very quick process that gets bacteria rapidly armed for attack. To assess the robustness of this assay and the variation across the plate, we filled an entire 384-236 well plate with 50 µl of a S. Typhimurium, SipA-NLuc culture and allowed it to grow for 5 h at 237 37°C. Luminescence of secreted, wall-bound SipA-NLuc was assessed after washing out bac-238 teria as described above. The assay proved very robust with a coefficient of variation of 7% 239 over the entire plate and with little edge effects ( Fig. 3C , Table S1 ). We then performed a proof-240 of-concept inhibitor screen by assessing the effect of a range of 37 different bioactive com-241 pounds on the activity of the T3SS in the 384-well format (Table S2 , Fig. 3D ). Each well of the 242 plate was printed with 0.5 µl of a compound in 100% DMSO, to which 50 µl of a S. 243 Typhimurium, SipA-NLuc culture was added. Again, the culture was allowed to grow for 5 h, 244 after which secretion of SipA-NLuc was assessed by luminometry. The assay showed a highly 245 dynamic response from 10 % to 120 % secretion activity compared to the DMSO-treated wild 246 type control ( Fig. 3D ). Detection of SipA-NLuc was most strongly reduced by the flavonoids 247 quercetin (30 µg/ml, 90% reduction) and scutellarin (10 µg/ml, 75% reduction), which con-248 firms the previously reported observation that flavonoids target T3SS (22). Also treatment with 249 the 3-hydroxy-3-methylglutaryl (HMG) coenzyme A reductase-blocker simvastatin reduced de-250 tection of SipA-NLuc by 44%. Replication of the screen proved a high reproducibility of the 251 assay with a R² of 0.95 ( Fig. 3E ).
252
Over all, the SipA-NLuc assay proved to be highly adaptable to a high throughput screening 253 format in 384-well plates, featuring a high S/N, a low error across the plate, a great reproduci-254 bility and requiring only short hands-on time. 
Development of NLuc-based host cell injection assays 295
Assessment of secretion of T3SS substrates into the culture supernatant is very useful for in-296 vestigating the basic secretion mechanism of T3SS, however the intended biological function 297 of T3SS injectisomes is the injection of effector proteins into host cells. Since the SipA-NLuc-298 based secretion assay proved to be very sensitive and simple, we attempted to adapt the assay 299 to monitoring the injection of SipA-NLuc into host cells.
300
In a first and simple approach, we infected HeLa cells in 96-well plates at an MOI = 50 with 301 SipA-NLuc-expressing S. Typhimurium, using wild type bacteria and secretion-deficient ΔsctV NLuc, we assessed injection in a set of mutants that are capable of secreting SipA but incapable 308 of injecting it into host cells: a needle tip-deficient ΔsctA, a translocon-deficient ΔsctEBA, and 309 a gatekeeper-deficient ΔsctW mutant. While secretion of SipA-NLuc into the culture superna-310 tant was increased between 2 and 5-fold in ∆sctA, ∆sctEBA, and ∆sctW mutants ( Fig. 5B ), 311 which are reportedly unlocked for secretion of late substrates like SipA (47, 48), the HeLa cell-312 associated luminescence was strongly reduced to 9-24% of the wild type when infecting with 313 these mutants ( Fig. 5C ). From these results we can conclude that the luminescence signal ob-314 tained from infection with wild type S. Typhimurium resulted to more than 90% from injected The elucidation of the molecular mechanisms of secretion through T3SS and other bacterial 334 protein secretion systems is impeded by a lack of assays to quantitatively assess secretion 335 kinetics. Also the analysis of the biological role of these secretion systems as well as the 336 identification of inhibitors targeting these systems would greatly benefit from the availability 337 of a simple, quick and quantitative assay to monitor principle secretion and injection into host 338 cells. Here we present a versatile solution to this need, utilizing the small and very bright NLuc 339 luciferase to assess secretion and injection through the T3SS encoded by SPI-1 of S. 340 Typhimurium. Secretion of a SipA-NLuc fusion showed a very high S/N and sensitivity down 341 to the nanoliter scale, making it exquisitely suited for the assessment of secretion kinetics. In 342 addition, the NLuc-based secretion assay proved highly adaptable to a HTP screening format 343 in 384-well microplates. We further developed NLuc and split-NLuc-based assays that enable 344 the monitoring of T3SS-dependent injection of effector proteins into host cells.
345
A perfect assay to monitor protein secretion would feature: i) A lack of signal from the un-346 secreted reporter, resulting in a high S/N. ii) A small reporter that does not interfere with 347 secretion through the secretion system of interest. In case of T3SS, this also includes a not too We demonstrated that the NLuc-secretion assay is highly suited to study the kinetics of secretion 368 due to its superior sensitivity. Our simple assay setup only allowed deduction of secretion 369 kinetics from the accumulation of NLuc in the culture supernatant but culturing bacteria in a 
411
In summary, our data show that NLuc-fusions of secreted substrate proteins can be used as a 412 robust, versatile, cheap, simple and quick reporter for T3SS secretion and injection that will 413 enable future in-depth elucidation of T3SS function (Fig. 6) . The NLuc reporter is likely to be 414 adaptable to other bacterial secretion systems as well. For the inhibitor screen, 0.5 µl of each compound (Table S2 ) was added to 50 µl bacterial culture 471 prior to incubation at 37°C for 5 h, and the plate was processed as described above. Aldrich, P8849, 1:100), DNAse 10 µg/ml, 1 mM MgSO4 and lysozyme (10 µg/ml) and lysed 490 with a French press. The obtained solution containing cell lysate and cell debris was two times 491 centrifuged at 15,000 x g for 20 min at 4°C. MBP-NLuc/HiBit in the clear lysate was bound to 492 an amylose resin (NEB), washed with CB and eluted by 10 mM maltose in the same buffer.
493
Buffer was exchanged to PBS by using the Amicon Ultra system (Merck). Data represent the mean (± standard deviation) of three technical replicates. Note that SctP 331 -NLuc can be detected in the culture supernatant by luminometry but not by Western blotting. Also note that split-NLuc generally gives lower luminescence than regular NLuc. (C) Immunodetection of the indicated SctA-NLuc fusions on Western blot of SDS PAGE-separated culture supernatants and whole cell lysates. The numbers (184, 220, 275) mean that NLuc was inserted behind these residues of SctA. The insertion positions where chosen based on the structure of S. Typhimurium SctA-1. Secreted SctA 275 -NLuc reproducibly appeared as a double band for unknown reasons. (D) Luminescence of the indicated SctA-NLuc and SipA-NLuc-fusions secreted into the culture supernatant. Data represent the mean (± standard deviation) of three technical replicates. Note that SctA C -NLuc can be detected in the culture supernatant by luminometry but not by Western blotting. Also note that internal fusions of NLuc are acommodated well, with SctA 275 -NLuc providing even stronger signal than SipA-NLuc. Abbreviations: sup: culture supernatant, wc: whole cell lysates, C: C-terminus, RLU: relative luminescence units, NLuc: NanoLuc luciferase, T3SS: type III secretion system 
